This paper describes the validation and application of a simple flask-based 14 C-respirometer system designed to assess mineralisation of 14 C-labelled substrates under defined conditions. Validation of this respirometer system indicated stoichiometric CO 2 trapping up to a maximum of 400 Wmol of CO 2 (in a single trap). Polycyclic aromatic hydrocarbon (PAH)-degrading bacteria were used to measure growthlinked biodegradation of [ 14 C]naphthalene to 14 CO 2 . A 14 C activity balance of 101.7 þ 8.9% (n = 6), after 74 h incubation time and 10 respirometer-opening events, indicated the suitability of the system for monitoring substrate mineralisation. This respirometric apparatus was then successfully applied to assess: (i) the PAH catabolism of microbes in a field contaminated soil, where naphthalene and phenanthrene were rapidly mineralised and (ii) soil-associated organic contaminant bioavailability, where increased soil^phenanthrene contact time resulted in a reduction in phenanthrene mineralisation in the soil. The described respirometer system differs from existing respirometer systems in that the CO 2 trap can be removed and replaced quickly and easily. The system is efficient, reproducible, adaptable to many situations, easy to construct and simple to use, it therefore affords advantages over existing systems. ß
Introduction
The processes of microbial respiration relating contaminant catabolism in liquid culture or in contaminantamended soils can be monitored to assess a contaminant's impact (or in the latter case, potential for impact) on soil microbial communities. The determination of these factors facilitates subsequent assessment of risk, hazard and bioremediation potential at sites contaminated with organic contaminants.
Microcosms provide a means to study microbial interactions with contaminants in a controlled and reproducible manner, while retaining the complexity of the matrix and being representative of the processes occurring in the ¢eld [1, 2] . The use of 14 C-labelled substrates is necessary to trace the fate of added organic compounds in complex matrices, such as soil and sediments. This, combined with the sensitivity of radiometric methods, has led to the widespread use of radiolabelled compounds in fate studies. By monitoring the mineralisation of a 14 C organic contaminant spiked into a test system, the catabolic potential of the soil microbial community for that particular chemical can be determined by measuring the evolution of 14 CO 2 [3] . Further, the extent of impact on both microbial catabolic activity and microbial respiration is dependent on a contaminant's bioavailability in the soil environment. The use of 14 C-radiolabelled substrates allows soil-associated organic contaminant fate and bioavailability to be followed successfully, even where complete destruction of the original carbon skeleton occurs [4^6] .
Several devices have been produced for the purpose of following the release of 14 CO 2 from 14 C-labelled substrates in static [3, 7] and £ow-through systems [8] . Static systems are widely used and have the advantages of simple design, low cost and fewer uncertainties concerning constant £ow rates, leakage and sorption of the 14 C-labelled materials. Biometer £asks are regularly used for medium-term biodegradation studies. This method involves the sampling of the CO 2 trap located in a side arm attached to the main £ask, replacement of trapping solution resulting in correc-tions needing to be made for dilution e¡ects and for the amount of radiolabel removed previously [9] .
In this paper, we describe an improved respirometric £ask system where the CO 2 trap, located in the main chamber, can be quickly and easily removed and replaced. Further, the £exibility and simplicity of the design enables easy construction of the respirometric £asks.
Materials and methods

Materials
Bibby UK supplied Erlenmeyer £asks with Te£on1-lined screw caps.`Pico' glass scintillation vials (7 ml) were supplied by Canberra Packard, UK. RS, UK, supplied metal ¢ttings used in the construction of the respirometers. Liquid scintillation £uids were supplied by Canberra Packard, UK. Sodium hydroxide and GF/A ¢lter paper was supplied by Merck, UK. Radiochemicals were supplied by Sigma Aldrich, UK.
Respirometer^general principles
The respirometer design is illustrated in Fig. 1 . Erlenmeyer £asks (250 ml) with Te£on1-lined screw-threaded lids formed the basis of the respirometer system (Fig. 1) . The respirometer cap was drilled in the centre, through which a length (30 mm) of stainless steel studding was inserted. The studding was attached at either side of the cap using a washer and a nut. To the section of rod on the inside of the cap a ¢ne wire stainless steel clip was attached. A CO 2 trap, consisting of a solvent-washed glass scintillation vial (7 ml) containing 1 M NaOH (1 ml) loaded on to a GF/A ¢lter paper (20U20 mm), was attached to the stainless steel clip. To measure mineralisation, a solid or liquid medium containing the 14 C-labelled substrate was placed in the £ask, along with putative microbial degraders (if required). The lid was then screwed tightly onto the £ask. Any 14 CO 2 evolved as a result of catabolism of the test substrate was trapped in the NaOH. After the desired assay time, the lid of the Erlenmeyer £ask was unscrewed and the CO 2 trap quickly removed and replaced with a fresh one (if required). The removed vial was wiped with an acetone-moistened tissue and liquid scintillation £uid (Ultima Gold) was added (6 ml) to the vial. The trapped 14 C activity was determined by liquid scintillation counting (Canberra Packard Tri-Carb 2250CA liquid scintillation analyser) following a 48-h rest period to allow the GF/A ¢lter paper to become transparent.
Trapping e¤ciency
To establish the capacity of the CO 2 trap, standard solutions of Na 2 CO 3 were produced at concentrations of 12.5, 25, 40 and 50 mM. These solutions (10 ml) were then placed in the Erlenmeyer £asks thereby providing Fig. 1 . Photograph of the respirometric £ask system. 125, 250, 400 and 500 Wmol Na 2 CO 3 for reaction, respectively. Triplicate £asks were produced for each concentration. Na 2 14 CO 3 solution was then added to the £asks (V1 kBq). Traps were ¢tted to the lids and a small vial (1.25 ml) containing concentrated hydrochloric acid (1 ml) placed in the bottom of the £asks. The £asks were then sealed and the small vial knocked over. In this way CO 2 / 14 CO 2 was evolved by the reaction of the acid with the Na 2 CO 3 /Na 2 14 CO 3 mixture and subsequently trapped in the vial. The £asks were shaken on an orbital shaker (Janke and Kunkel, IKA 0 -Labortechnik KS 250) for 10 days, after which time the traps were removed. The trapped 14 C activity was determined, as described previously.
Growth-linked biodegradation
A naphthalene-enriched microbial suspension was taken from a sample of polycyclic aromatic hydrocarbon (PAH)-contaminated soil, using an inorganic minimal basal salts medium (MBS) [10] . The MBS contained naphthalene (1 g l 31 ) as the sole carbon source. The enrichment culture was maintained on MBS^naphthalene agar plates (naphthalene was added to molten agar before plates were poured). The agar plates were incubated at 23³C for 7 days. A microbial inoculum was prepared by transferring a single colony from the MBS^naphthalene plates into MBS^naphthalene liquid medium (naphthalene 1 g l 31 ). An aliquot (5 ml) of the naphthalene-enriched bacterial suspension was added to sterile respirometers with MBS (100 ml) containing naphthalene (30 mg l 31 ) and [ 14 C]UL-naphthalene (8.33 kBq) (six replicates were produced). The respirometers were placed on an orbital shaker (100 rpm) and incubated in the dark at 23³C, and sampled aseptically every 6 h. Sterile respirometers with and without [ 14 C]naphthalene were run to correct for [ 14 C]naphthalene volatilisation (triplicate respirometers were produced). Non-sterile respirometers amended with the bacterial suspension but with no [
14 C]naphthalene were also produced to provide analytical blank values. At each sample event, the CO 2 trap was removed and the trapped 14 CO 2 activity determined as described previously. Aliquots (1 ml) of the respirometers' contents were removed at each sampling event and the growth of the bacteria monitored turbidimetrically at 525 nm (Pye-Unicam PU8610 UV/vis kinetics spectrophotometer). Aliquots (500 Wl) of the solutions assessed for turbidity were added to Ultima Gold XR scintillation £uid (19 ml) and the resultant samples analysed by liquid scintillation counting, as described above.
Assessing the catabolic activity of microbes in environmental samples
A ¢eld-sampled soil (10 g wet weight), containing elevated concentrations of petroleum hydrocarbons, was placed in the respirometric £asks along with Milli-Q water (30 ml). 14 14 C compounds, were also produced. The £asks were shaken on a £at-bed shaker for 8 days and sampled every day (as described previously). The 14 C activity in the traps was determined (as described previously) and cumulative mineralisation calculated.
Assessing organic contaminant bioavailability in soil
Air-dried soil (a ¢ne loam; organic content 3.74 þ 0.15%) was spiked [11] . After soil^phenanthrene contact times of 1, 84 and 322 days, the bioavailability of the soil-associated phenanthrene was assessed using the respirometric £asks. Soil (10 g) was placed in the respirometric £asks and MBS medium added (30 ml). A microbial inoculum of catabolically active phenanthrene degraders (isolated from PAH-contaminated soil in a similar manner as described previously, using phenanthrene in place of naphthalene) was added to each respirometric £ask (10 6^1 0 7 cells g 31 soil) (triplicate £asks), CO 2 traps were ¢tted and the £asks sealed shut. The £asks were shaken, sampled and analysed, as described previously.
Results and discussion
Trapping e¤ciency
After acidi¢cation of the Na 2 14 CO 3 solution, there was a commensurate increase in the amount of 14 CO 2 trapped with increasing concentrations of Na 2 14 CO 3 ( Fig. 2) . A positive linear relationship (r 2 = 0.974; slope = 1.093; n = 12) between the amount of 14 CO 2 produced and the amount of 14 CO 2 trapped indicated good stoichiometric agreement (CO 2 produced:CO 2 trapped, in the ratio 1:1) for 14 CO 2 production in the range 0^400 Wmol. The traps became saturated before complete 14 CO 2 uptake was achieved where 14 CO 2 was produced greater than 400 Wmol.
The production of CO 2 from ¢eld soils at IACR Rothamsted, UK, has been estimated at a maximum of 35 g m 32 day 31 [12] . Assuming production in the top 10 cm of soil and a soil density of 1.5 g cm 33 , this equates to 53 Wmol CO 2 day 31 from a 10-g soil sample. Thus, the trap in the respirometer (capable of e¤ciently trapping 400 Wmol CO 2 ) in relation to ¢eld soil respiration (53 Wmol CO 2 day 31 from a 10-g soil sample) allows almost an order of magnitude excess trapping capacity. Should greater CO 2 trapping capacity be required a number of solutions can be considered : (i) traps could be changed more frequently during the assay, (ii) more than one trap could be used in each respirometer or (iii) a larger volume of NaOH could be placed in the trap. Caution, however, is expressed in relation to this latter point, as some e¡ort would be required to enhance the surface area of the NaOH to ensure e¤cient CO 2 trapping. This validation indicates the respirometer method employed to be suitable for the study of microbial respiration in soils in terms of both trapping capacity and trapping e¤ciency.
Growth-linked biodegradation
Less than 5% increase in turbidity from the original value was observed up until 24 h incubation time (Fig.  3) . At time 0 h, the turbidity (OD 525 ) was 0.04 þ 0.02, which equated to a cell density of 2.10U10 8 [13, 14] . Since the bacterial inoculum was previously exposed to naphthalene, it is unlikely that the lag was due to the induction of catabolic enzymes. A more plausible explanation is that up until the end of the lag phase there was insu¤cient biomass for signi¢cant catabolism [14] . This proposal is supported by the observed increase in the turbidity prior to mineralisation (Fig. 3) . Evolution of 14 CO 2 was commensurate with the onset of signi¢cant [
14 C]naphthalene removal from solution. On termination of the experiment, after 74 h, 39.3 þ 2.9% (n = 6) of the original 14 C activity was still present in the MBS medium while 62.3 þ 7.5% of the original 14 C activity had been mineralised to 14 CO 2 . The extent of mineralisation after 74 h assay time (62.3 þ 7.5%) closely agrees with other studies that have found 57^70% naphthalene mineralisation. The 14 C mass balance, after 74 h, for the respirometers was 101.7 þ 8.9% (n = 6). This study indicates that this respirometric method is suitable for assessing growth-linked microbial catabolism of 14 Clabelled hydrophobic organic contaminants to 14 CO 2 . Care should, however, be taken where volatile or semivolatile organic compounds are being tested to minimise the potential for sorption to glassware, by degreasing (but not activating) it. This was achieved by washing the glass vials with solvent, prior to use, and then wiping them again with acetone-moistened tissues after sampling, prior to analysis to prevent contamination. 
Assessing the catabolic activity of microbes in environmental samples
A ¢eld-sampled soil containing elevated levels of petroleum hydrocarbons was screened to determine the catabolic activity for a range of compounds by respirometry using 14 C compounds as tracer substrates. The data indicated di¡erent extents and rates of catabolism for the compounds tested (Fig. 4) . The order of organic compound catabolism (determined as the proportion mineralised) was naphthalene (61.0% þ 4.9) s phenanthrene (33.0% þ 4.4) s pyrene (1.2% þ 0.33)wbenzo[a]pyrene (0.1% þ 0.04). This observation supports the generally accepted view that higher-molecular-mass PAHs are more resistant to biodegradation than lighter PAHs [15] . This is also supported by the lag times observed. Naphthalene catabolism proceeded without a lag, while phenanthrene catabolism was preceded by a 48-h lag. In the case of toluene the 72-h lag time was greater still. This may be due to a di¡erence in the mode of catabolism or position of radiolabel [16] . This screening experiment indicates the potential for the technique to establish the presence and activity of microbial degraders within a contaminated soil, by measuring the rate and extent of 14 CO 2 production from the catabolism of 14 C-labelled target contaminants. Such assessment has application to a number of scenarios/ situations, for example, assessment of the bioremediation potential, or the feasibility of microbially mediated natural attenuation.
Assessing organic contaminant bioavailability in soil
The bioavailability of soil-associated [ 14 C]phenanthrene, after successive ageing times, was determined by respirometry. The extent of soil-associated phenanthrene mineralisation (relative to the residual activity) decreased with increased soil^phenanthrene contact time, as did the fastest rates of mineralisation (Fig. 5) . The extents of mineralisation were 74.4 þ 2.32%, 58.4 þ 0.34% and 51.4 þ 0.54%, while the fastest rates of mineralisation (determined between time points shown in parentheses) were 2.00% h 31 (0^24 h), 1.76% h 31 (0^24 h) and 1.02% h 31 (48^72 h), after 1, 84 and 322 days soil^phenanthrene contact time, respectively. The decreases in the proportion of soil-associated phenanthrene available for mineralisation and the maximum rate of mineralisation observed here re£ect the generally accepted view that with increased ageing, more labile compound fractions are decreased while more nonlabile fractions are formed [4] . The results indicate that the respirometric method described here is suitable for application to fate studies using 14 C-radiolabelled organic contaminants.
Although not described here, another use for this respirometric system is the assessment of contaminant impact on microbial function in environmental samples. We have previously investigated contaminant impact using the mineralisation of 14 C-labelled glucose as a measure of microbial activity in soils amended with cable-insulating oil [17] and PAHs [18] in relation to microbial biomass. However, although carbon turnover tests may indicate the overall e¡ects of contaminants on the respiration of unstimulated and stimulated micro£ora, these tests give no indication of the impact on particular taxonomically different groups or species.
To conclude, the respirometry system described here has several advantages over many existing methodologies in that it is e¤cient, reproducible, adaptable to many situations, easy to construct and simple to use. In addition to the applications highlighted here, mainly using soil systems, the respirometer system should provide a useful tool for other workers, using a variety of media, to conduct both related and lateral research.
